The microbial ecology of any biodegradation system is the fundamental factor that controls both the effectiveness of the ongoing biodegradation process and also the ability of the biodegrading population to maintain stability at times of environmental stress. Studies are reported here which provide both initial information on the ecology of an oil degrading porous pavement system (PPS) and significantly advances our knowledge on the appropriate techniques to study that ecology. A major step forward has been made in the use of molecular biological techniques to quantify bacterial biodiversity and these techniques have shown for the first time the extent to which, despite the fact that a single carbon source is available, the complexity of the microbial population in a model structure increases with time. In fact, the initial commercial inoculum used is totally replaced by a bacterial population selected for the conditions in the structure. The importance of the protozoan population and source of its inoculum is also demonstrated.
Introduction
The main design criterion for infiltration systems has usually been the reduction of peak discharge through the retention of stormwater flow but previous research has demonstrated the ability of suitably designed and managed permeable pavements to retain suspended solids (Pratt et al, 1996) and oils ).
To date, although much effort has been directed towards the use of such systems for the treatment of retained pollutants, there has been little thought put into gaining a fundamental understanding of the microbiological processes taking place. Research initiated at Coventry University has been targeted towards using this technology to degrade petroleum-derived hydrocarbons within the sub-base of a full scale, laboratory model permeable pavement structure (PPS) (Pratt et al, 1996 (Pratt et al, , 1999 . This paper represents an overview of a selection of experiments, which highlight some of the general trends in research within the group and reports important recent progress.
Previous studies have indicated that the use of the permeable pavement structure as an in situ aerobic bio-reactor for the breakdown of petroleum-derived hydrocarbons is feasible. It was the work of Bond (1999) which first showed that with the application of a readily available horticultural slow-release fertiliser one could stabilise the microbial population in a porous pavement structure and thus that its use as a long term treatment device was viable. Bond (1999) also demonstrated the importance of the geotextile in the retention mechanism that is an essential precursor to the biodegradation process. The model system originally established in the laboratory by Bond (1999) (henceforth Rig PB1) has been maintained for a period of over 4 years with an oil addition regime considerably exceeding that normally experienced in a car parking situation. It continues to retain over 99% of added oil and shows good evidence of continuing microbial activity. The long-term aim of this experiment is to determine how quickly (if ever) the system will become saturated with sufficient oil to inhibit permeation of water or allow oil to break through unchecked by the structure.
Although this work has been successful from an engineering point of view, the approach to the optimisation of the system has been very much on the basis of empirical studies, because the ecology of the novel environment which the PPS represents is, to date, only poorly understood.
It was proposed earlier (Newman et al 2001b) that more complex microbial communities in the porous pavements would be both more stable under conditions of stress and capable of the most effective utilisation of resources. If this is the case, then a quantitative measure of microbial biodiversity would be a useful factor in optimising the system. To date, it has not been possible to show that more complex biofilm communities are either more stable or better at the biodegradation process in a porous pavement system. The major reason for this has been the unsuitability of classical techniques for study of the bacterial diversity in such structures (Amann et al 1995 , Newman et al 2001b and thus, in order that this area of research is to progress, considerable efforts have been put into developing a suitable method of quantifying the bacterial diversity which takes into account the non-culturable element and is reasonably practicable. The first part of this paper is a brief report on the progress made in this field to date.
Earlier work (Newman et al 2001b) , reported how Polymerase Chain Reaction (PCR) was used to amplify selected parts of DNA from cells collected from the effluent from the long term test rig PB1. Short lengths of single stranded DNA (primers) corresponding to the base pair sequences of starting and finishing points for the part of the DNA to be amplified are selected. After selecting the primers the temperature and conditions for the multiplication by the PCR reaction is also critical. In early experiments (Newman et al 2001b) the 'universal' inter-genomic transcribed sequence (ITS) region of the bacterial genome was used as a vehicle to optimise some of the important experimental parameters. It was interesting to note from this work how, this technique, showed that the bacterial diversity in the rig is not fully represented by culturing methods. This indicated that, as was expected, traditional microbiology techniques will be of little use in trying to understand the populations present within in the pavements.
The use of ITS primers is not a suitable experimental system for our primary aim, of quantification of the diversity of a system. This is because each bacterial species was found to give more than one band in the products produced (the so called DNA "fingerprint"). Although changes in population, over time, could be shown it could only be postulated that the apparent increase in the number of bands appearing on the "fingerprints" represented a real increase in complexity. Ideally, it should be possible to produce a fingerprint in which each species produces one band and in which each band can be separated thus allowing the change in diversity with time to be quantified. Each band could also be sequenced to identify the species present.
Bacteria are not the only inhabitants of an oil degrading biofilm and recent studies have demonstrated both the diversity of the eukaryotic (protozoan and metazoan) component (Newman et al 2001a) and its importance. Unlike the bacteria, these eukaryotic organisms are relatively large and have characteristics that often allow them to be identified under the microscope. They have been used as bioindicators (Foissner and Berger 1996) in rivers, lakes and wastewaters and may eventually be shown to be a good vehicle to reflect overall microbial diversity or system health in porous pavement studies. They can be identified without the need for culturing and advantage has been taken of this to make an initial estimate of the importance of the eukaryotic fraction of the biofilm to system performance.
In a previous study (Newman et al 2001a) an experiment was carried out to study the development of protozoan colonists after a fixed period of time. Six months after setting up the model structures, a complex community had been produced. Bacteria, fungi, all the major protozoan groups and metazoa were observed to inhabit the PPS system. This is a clear indicator of the relative abundance and diversity of nutrients within the system, the majority of which come originally from oil via the decomposer pathway. The second part of this paper will describe an experiment to try to explain the source of the protozoan species in the model system.
The authors were keen to take the next steps towards understanding the processes by which both the hydrological and oil degrading characteristics of the PPS are maintained, in particular, the regulating effect of predators on the bacterial and fungal biofilm. It is possible that protozoa prevent over-proliferation of the biofilm bacteria and prevent clogging of the geotextile by cells and extracellular polysaccharides. It is also possible that, where the protozoan and metazoan communities are species rich and a dense population, they may stimulate the bio-degradation process, although predation on bacteria and fungi may lead to a decrease in oil utilisation (Darbyshire, 1994) . There have been accounts of Tetrahymena increasing the rate of hydrocarbon degradation where amino acids are limited (Huang et al 1981) . Excretion of growth factors, recycling and regeneration of nutrients and predation on PPS biomass may delay the bacterial and fungal biofilms in reaching the carrying capacity of their environment (Pussard 1994 ).
The final part of the work reported in this paper is an attempt to study this effect. Unlike the work of Huang et al (1981) , the work was carried out with the mixed protozoan and bacterial populations present in a well-established oil degrading porous pavement mode, thus representing a more realistic situation.
Experimental Molecular Biology
The Polymerase Chain Reaction (PCR) was used to amplify part of the 16S ribosomal RNA gene (Giovannoni et al 1990) from DNA from cells collected from the effluent from the test rig and from the original innoculum. Primers for a fragment of the 16S region were used in conjunction with a technique known as Denaturing Gradient Gel Electrophoresis (DGGE ) (Ferris et al 1996 , Miller et al 1999 , Muyzer et al 1993 , Muyzer 1999 ) to profile the bacterial population. The technique is based on the same principles as were used in the earlier reported work (Newman et al 2001b) (amplification of DNA then DNA movement through a gel matrix by an applied electrical potential), but in this case using a polyacrylamide gel containing a linear gradient of DNA denaturants (see Figure 1) . In DGGE the two strands of a DNA molecule separate by application of a chemical denaturant (usually formamide and urea) in the gel matrix. The separation is based on the fact that DNA molecules differing by as little as a single base change have slightly different physico-chemical properties that can be distinguished by this technique. The mobility in the gel of the denatured DNA molecule is retarded at the concentration at which the DNA strands dissociate, as the single stranded part of the DNA molecule becomes entangled in the gel matrix. To avoid complete strand separations, a "high melting" domain (a GC clamp) is artificially introduced into the DNA molecule at one end during the PCR reaction. Therefore, upon denaturation, a Y shaped molecule is generated. DGGE can be used to detect about 99% of all possible single base changes in DNA fragments up to about 1000 base pairs in length. In this experiment the characteristics of the microbial population developing in porous pavement structures have been studied over time (the initial inoculum compared with long term models). Effluent samples were taken from the long term rig PB1, after a period of about three years use, and compared with the initial inoculum itself (see Newman et al 2001a) . A 200 base pairs region of DNA is amplified by PCR and analysed by DGGE (0-70%, formamide and urea). A set of seven laboratory strains (Pseudomonas fluorescens, Sphingomonas yanoikuyae, Bacillus subtilis, Burholderia phenazium, Paenibacillus amyloyticus, Agrobacterium rhizogenes and Arthrobacter polychromogenes) were used to construct a standard maker for DGGE analysis. The opportunity was also taken to compare two different methods of extracting DNA from the cells, bead beating and freeze-thaw techniques. The exact conditions of amplification and separation, along with the experiments to establish them, will form the basis of a more detailed paper in the microbiology literature (Puehmeier et al 2002) .
Protozoan Colonisation Studies
An experiment was also carried out to identify the source of protozoa on the PPS model system and to measure the rates of colonisation experienced under the relatively ideal conditions provided in the laboratory environment. Rig dimensions were as described previously (Newman et al 2001a) . The rigs had a one-off application of 0.22 g Osmocote Plus and 0.08 g per week of oil; they received 52 ml of artificial rainfall per week in two 26 ml rainfall events using the device previously described (Pratt et al 1996) .
To compare the contributions of the microbial community already on rig materials with that brought in from the surrounding environment, one of the rig boxes together
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with the substrates and apparatus contained within was autoclaved at 121 °C for 20 minutes to destroy spores and trophozoites. The other rig and its substrates was washed with warm water to remove particles and loose organic matter before placing them in the laboratory.
The day after setting-up, samples were taken from the effluent; identifications were performed as described previously (Newman et al 2001a) . A diversity survey was carried out weekly. Within the laboratory environment, the range of temperatures during the experimental period was 16-20°C.
Investigation of Effect Of Eukaryotes On Oil Utilisation
This experiment studied the biodegradation of oil in a situation in which oil was the only significant carbon source and the inorganic nutrients were supplied in the same form as they were supplied in our model systems. The aim was to consider the effect of removing as much as possible of the eukaryotic component from an established oil degrading PPS microbial community, which was well adapted to oil biodegradation.
The experiment was carried out in 250 ml conical flasks, each with 150 ml of sterile distilled water, 0.5 g Osmocote plus slow-release fertiliser and 0.1 g unused mineral oil (both non-sterile).
In order to give some indication of any synergistic function in different environmental regimes, six temperatures were selected. These were 4, 8, 12, 25, 30 and 37û C. Experiments were duplicated at each of these temperatures. During the experiments all cultures showed growth of bacteria and thus oil degrading bacteria were available as a food source for the protozoa.
The inocula used consisted of either 100 microlitres of centrifuged and concentrated effluent from the long term rig PB1, or 100 microlitres of centrifuged and concentrated effluent which was then filtered to remove down to, and including, the smallest eukaryotic cells. The third treatment had no inoculation other than the organisms present in the oil or fertiliser pellets. These were then incubated for 12 weeks and after this time the remaining oil was determined using American Society for Testing and Materials method D3921-85 (ASTM, 1985) modified as previously described (Pratt et al 1996) .
Results and Discussion

Molecular Biology
The results of DGGE analysis of bacteria from initial inoculum and long term porous pavement model can be seen in Figure 2 . which includes a schematic to identify the band positions observable on the gel but unclear in the photograph. The profile of the initial inoculum in lane 2 (freeze-thaw) and lane 3 (bead beat) indicates four bands, two of which are dominant bands and two of which are fainter bands. The profile of the long term porous pavement model has a greater number of bands which indicates that the sample is much more diverse than the initial inoculum. In the bead beatingextracted sample from Rig PB1 at least twelve bands can be observed with two bands dominant (clearly not the same dominant bands as the initial inoculum). These results confirmed the earlier conclusion (Newman et al 2001b) that over time the population within the porous pavement changes and the initial inoculum appears to be out competed by other bacteria from the environment. Therefore, the initial inoculum does not dominate the established sample (rig PB1), backing up the earlier conclusion (Newman et al 2001b) that the inoculum is not required for long-term use of this technology. It also indicated that over time the complexity of the bacterial population increases. Sequence analysis of bands from the long-term rig PB1 will provide information on the bacteria present within the sample. Their known characteristics for degradation may possibly be determined from historic studies on these species, or they may be unknown bacteria. No cultivation is required for analysing the porous pavement population using DGGE and thus a representative picture of the bacteria present can be obtained. This is a major advantage of the method, as traditional approaches rely on bacterial cultivation and since only 1% of the population can be cultured on standard laboratory media (Amann et al 1995) , 99 % of the population could be missed out by this approach. Equally important is that only one band is produced per species and that overlapping bands can be easily identified and resolved by the process of TA cloning. It is interesting to note that for the PB1 samples the Figure 2 . DGGE analysis of DNA samples. Lane 1, laboratory strain makers; Lane 2 initial inoculum extracted using freeze thaw; Lane 3, initial inoculum extracted using bead beating; Lane 4 long term porous pavement bacterial population extracted using freeze thaw; Lane 5 long term porous pavement bacterial population extracted using bead beating.
(a) Gel Photograph (b)Schematic freeze thaw technique indicates less diversity than the bead beating technique and thus for these samples bead beating is the preferred DNA extraction procedure.
Protozoan Studies
Results from the colonisation experiment (which are also shown graphically in Figure  3) show that the ubiquitous microflagellate Heteromita globosa was found in both sterile and non-sterile rigs by the end of the first week. In the non-sterile rig Colpoda cucullus was also found within this time period. The sterile rig accumulated only Heteromita within the duration of the experiment. The range of protozoan cell densities in effluent from the rigs was 5.0x10 1 to 9.0x10 3 cells per ml in the experimental structures. In the non-sterile rig effluent, flagellates, ciliates, gymnamoebae and testate amoebae were found within 4 weeks of the start of the experiment and metazoa were present after six weeks The results for this time series colonisation study closely reflected the earlier fixed term study (Newman et al 2001a) with several of the key genera represented, such as Euglypha, Colpoda and Heteromita, being found in both studies.
Colpoda cucullus and Heteromita globosa are often pioneer colonisers in newly created environments. Both species possess efficient encystment mechanisms and are very common within harsh environments (Corliss and Esser; 1974, Hughes and Smith; 1989) . Heteromita globosa is a cosmopolitan cyst forming species which is said to be readily transported from one location to another (Smith 1985 (Smith , 1996 .
The paucity of protozoan genera in these rigs can partly be explained by the fact that immigration via soil water or overland flow cannot happen in an artificially created environment such as this, a characteristic which differentiates these experiments from most terrestrial ecosystems. However, Wanner et al, (1998) observed that naked amoebae and diatoms were present within a week in sterile soil environments also only open to air colonisation, although ciliates took a month to appear. Testate amoebae such as Euglypha rotunda take around six months to colonise virgin habitat (Smith, 1985) , so their appearance after such a short duration indicates they are either encysted or feeding within initial substrates.
These results show that ordinary, relatively clean, substrates can act to inoculate PPS rigs with a wide diversity of micro-organisms. The consequences for bio-degradation are that there is a considerable reservoir of diversity present within initial PPS substrates, despite the fact that they would not appear particularly rich in spores or organisms. Figure 3 shows that clean non-sterile substrates added to the PPS can, under moist, high nutrient high oil application conditions and with sufficient time develop a high diversity of protozoan strains. However this diversity within the laboratory environment comes almost exclusively from the substrate itself and not the surrounding environment.
Results from this study have shown that a diverse eukaryotic community can easily and rapidly establish itself within permeable pavements under defined conditions. There may be specific benefits to the biofilm function from this biodiversity. Further experiments are currently underway to establish the relative importance of eukaryotes to biofilm function in the PPS.
Effect of Eukaryotic Component on Oil Biodegradation
As shown in Figure 4 , the cultures which had least oil remaining at the end of the experiment were those with the full microbial community provided in the inoculum and that this effect is strongest at temperatures considered optimal for microbial growth (around 25ûC). The cultures with the eukaryotes removed showed similar oil utilisation rates to those in the flasks with only the organisms inherent in the oil and nutrients. Both of these used around 25% less oil than those with the eukaryotes included.
Although oil degradation is observed in the "bacteria only" cultures, the rig effluent strains have not degraded significantly more oil than the initial strains found on applied oil and nutrient under these culture conditions. This suggests that either a synergistic relationship between bacteria and eukaryotes is necessary for optimal oil degradation or that something vital to oil degradation is removed from the bacteria only cultures and is not present in non-sterile oil and nutrients. Complex microbial communities including prokaryotes and eukaryotes are thought to be more active and stable than bacterial cultures alone, for example protozoa stimulate hydrocarbon utilisation by bacteria, particularly where vitamins and other growth factors are limited within the bacterial community (Huang et al 1981) .
Excretion of waste metabolites, recycling and regeneration of nutrients which pass from one trophic level of the biomass to another may assist the bacteria to continue degrading oil long after a bacterial community alone would have exhausted one or more of its essential nutrients and gone into a stationary growth phase (Pussard 1994) .
Since it has already been observed that bacteria, fungi protozoa and metazoa inhabit PPS structures it is quite possible that a microbial community has evolved which is interdependent. It may be that the PPS communities require all trophic levels to be present, even within defined culture conditions not necessarily representative of the biofilm within a rig. All members of the PPS biofilm may have either a direct or regulatory role in the degradation of oil.
Conclusion
Continuing results from the long-term experiment indicate that appropriately constructed and managed porous pavements can be used successfully to both trap and biodegrade oil which is accidentally released onto parking surfaces over a long period. Despite elevated levels of oil input the clean-up capability of the structure has not been overcome in over 4 years of operation. This is due to a combination of efficient retention and biological breakdown, both of which are required if the process is to be practicable. Despite the success, the research has only just started to scratch the surface of understanding with respect to what is actually taking place in the structures, but the work reported here shows that advances are now being made.
• The techniques of molecular biology should now be capable of enhancing understanding of the microbial ecology, so that the process can be optimised further.
• The importance of the protozoan community on the oil degradation process has been indicated.
• This indicates that, in any future design changes, the maintenance of the protozoan community must be considered to the same extent as that of the bacteria that carry out the primary oil biodegradation.
In particular the work described here will be a foundation for further work. This will allow investigation of the microbiological effects of replacing the virgin stone subbase with recycled material which will be the next phase of the investigation.
